Interaction cross section study of the two-neutron halo nucleus 22C  by Togano, Y. et al.
Physics Letters B 761 (2016) 412–418Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Interaction cross section study of the two-neutron halo nucleus 22C
Y. Togano a,∗, T. Nakamura a, Y. Kondo a, J.A. Tostevin b, A.T. Saito a, J. Gibelin c, N.A. Orr c, 
N.L. Achouri c, T. Aumann d, H. Baba e, F. Delaunay c, P. Doornenbal e, N. Fukuda e, 
J.W. Hwang f, N. Inabe e, T. Isobe e, D. Kameda e, D. Kanno a, S. Kim f, N. Kobayashi a, 
T. Kobayashi g, T. Kubo e, S. Leblond c, J. Lee e, F.M. Marqués c, R. Minakata a, 
T. Motobayashi e, D. Murai h, T. Murakami i, K. Muto g, T. Nakashima a, N. Nakatsuka i, 
A. Navin j, S. Nishi a, S. Ogoshi a, H. Otsu e, H. Sato e, Y. Satou f, Y. Shimizu e, H. Suzuki e, 
K. Takahashi g, H. Takeda e, S. Takeuchi e, R. Tanaka a, A.G. Tuff k, M. Vandebrouck l, 
K. Yoneda e
a Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan
b Department of Physics, Faculty of Engineering and Physical Sciences, University of Surrey, GU2 7XH, United Kingdom
c LPC Caen, ENSICAEN, Université de Caen, CNRS/IN2P3, 14050 Caen Cedex, France
d Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany
e RIKEN Nishina Center, Saitama 351-0198, Japan
f Department of Physics and Astronomy, Seoul National University, 599 Gwanak, Seoul 151-742, Republic of Korea
g Department of Physics, Tohoku University, Miyagi 980-8578, Japan
h Department of Physics, Rikkyo University, Tokyo 171-8501, Japan
i Department of Physics, Kyoto University, Kyoto 606-8502, Japan
j GANIL, CEA/DSM-CNRS/IN2P3, F-14076 Caen Cedex 5, France
k Department of Physics, University of York, Heslington, York YO10 5DD, United Kingdom
l IPN Orsay, Université Paris Sud, IN2P3-CNRS, F-91406 Orsay Cedex, France
a r t i c l e i n f o a b s t r a c t
Article history:
Received 29 December 2015
Received in revised form 4 August 2016
Accepted 30 August 2016
Available online 1 September 2016
Editor: V. Metag
Keywords:
Interaction cross section
Matter radius
Two-neutron halo nucleus 22C
The interaction cross sections (σI ) of the very neutron-rich carbon isotopes 19C, 20C and 22C have been 
measured on a carbon target at 307, 280, and 235 MeV/nucleon, respectively. A σI of 1.280 ± 0.023 b
was obtained for 22C, signiﬁcantly larger than for 19,20C, supporting the halo character of 22C. A 22C 
root-mean-squared matter radius of 3.44 ± 0.08 fm was deduced using a four-body Glauber reaction 
model. This value is smaller than an earlier estimate (of 5.4 ±0.9 fm) derived from a σI measurement on 
a hydrogen target at 40 MeV/nucleon. These new, higher-precision σI data provide stronger constraints 
for assessing the consistency of theories describing weakly bound nuclei.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The nuclear halo, a valence neutron distribution that extends 
far beyond a well-bound core, is a characteristic feature of very 
weakly bound nuclei far from stability [1]. Borromean two-neutron 
halo systems, such as 11Li, are of particular interest for the study 
of many-body effects, such as possible strong neutron–neutron 
(nn) correlations [2–11]. In the case of 11Li, the analysis of in-
teraction cross section data using simpliﬁed reaction and struc-
ture models was suﬃcient to identify a large difference between 
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SCOAP3.the root-mean-squared (rms) radii, r˜m , of 11Li (3.34
+0.04
−0.08 fm) and 
9Li (2.32 ± 0.02 fm) [12–14]. It is known however that dynamical 
models that include breakup degrees of freedom are necessary for 
accurate quantitative analyses, and that these increase the deduced 
r˜m values for halo systems [15,16].
Recently, the most neutron-rich bound carbon isotope 22C (two-
neutron separation energy S2n = −0.14 ± 0.46 MeV [17]) has 
drawn considerable attention, owing to a possibly very-extended 
two-neutron halo structure – as suggested by a large reaction cross 
section (σR = 1.338 ± 0.274 b) measured on a proton target at 
40 MeV/nucleon [18]. An associated r˜m of 5.4 ± 0.9 fm, with rel-
atively large uncertainty, was deduced. This value is signiﬁcantly  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
Y. Togano et al. / Physics Letters B 761 (2016) 412–418 413larger than that for well-known halo nuclei such as 11Li. The nu-
cleus 22C is also signiﬁcant in terms of magicity at N = 16, as was 
recently established for 24O [19–21]. Clarifying whether N = 16
magicity persists in 22C will shed light on the shell evolution along 
the neutron drip-line. Importantly, if the N = 16 shell closure in 
22C is conﬁrmed, the two-neutron valence conﬁguration would be 
[2s1/2]2, optimal for halo formation. The structure of 22C may also 
provide some clues as to why the drip line ends at N = 16 in the 
carbon, nitrogen, and oxygen isotopes. Experimentally, evidence for 
N = 16 magicity has been found in the two-neutron removal cross 
section from 22C and the resulting 20C fragment momentum dis-
tribution [22].
The large uncertainties on the earlier measurement of σR and 
the deduced r˜m [18] do not signiﬁcantly constrain the theoretical 
models. A mean-ﬁeld approach, using an adjusted Skyrme interac-
tion, predicted r˜m of 3.89 fm [23]. Three-body model calculations 
for 22C, with dominant [2s1/2]2 valence neutron conﬁgurations 
[24,25], derive r˜m in the range 3.50–3.70 fm. Given the increased 
mass of 22C, and the resulting smaller fractional contribution of 
the two valence nucleons to r˜m , all three-body model calculations 
[24–27] require extremely weak two-valence-neutron binding to 
produce an enhanced r˜m . Given the signiﬁcant error on the exper-
imental estimate of Ref. [18] and that the theoretical values are 
within ∼ 2σ of this value, more deﬁnitive conclusions require data 
of signiﬁcantly higher precision.
In this spirit, the present Letter reports a high precision 22C 
interaction cross section (σI ) measurement on a carbon target at 
235 MeV/nucleon. At this energy, unlike the earlier 40 MeV/nu-
cleon proton target measurement, the assumed forward scattering 
dominance of the core and valence particles, that underpins the 
Glauber (eikonal) model description, is well satisﬁed. In addition, 
it has been shown that the optical limit (OL) approximation to 
Glauber theory provides an excellent description of the (reason-
ably well-bound) core-target systems without the need to consider 
additional (Fermi-motion [28] and Pauli blocking [29]) corrections 
– a result of the highly absorptive nature of the core-target inter-
actions in the case of a light nuclear (carbon) target.
There remains, however, a small uncertainty due to the differ-
ence between σI , derived from the measurement, and the reac-
tion cross section σR that is typically calculated using the Glauber 
model analysis. As measured, σI is the cross section for a change 
of nuclide in the collision [30] while σR = σI + σinel also includes 
any inelastic cross section to bound excited states of the projectile 
and target. Since σinel is small at the present beam energy, as will 
be shown later, σI is a very good approximation to σR with the 
present experimental (energy and target) conditions.
Here, the 19,20,22C projectile systems will be treated in a con-
sistent framework where: (i) the relatively well-bound (non-halo) 
core nuclei, 18,20C, are described using Hartree–Fock (HF) densities 
in which the least-bound orbitals are constrained to the empirical 
neutron separation energies, and (ii) the structure and dynamics 
of the weakly-bound valence neutron degrees of freedom in the 
halo-systems 19,22C are treated explicitly using few-body meth-
ods. So, three- and four-body Glauber model descriptions are used 
for the 19C and 22C-target systems, respectively. The r˜m of 22C is 
thus derived from σR by comparisons with four-body Glauber re-
action model calculations (see e.g. [15,16]) that incorporate three-
body model 22C ground-state wave functions. Comparisons with 
the measured σR for 20C (the 22C core) and the one-neutron halo 
nucleus 19C are used to assess the consistency of this approach.
The experiment was performed at the Radioactive Isotope Beam 
Factory (RIBF) accelerator complex operated by the RIKEN Nishina 
Center and Center for Nuclear Study, University of Tokyo. A cock-
tail beam of 19,20,22C was produced via projectile fragmentation 
of a 345 MeV/nucleon 48Ca beam from the Superconducting Ring Fig. 1. (Color online.) Particle-identiﬁcation plots of a) the secondary beam and b) 
outgoing reaction products from 22C. The color scale is logarithmic. The red squares 
in a) show the condition used for the analyses.
Cyclotron incident on a 20 mm thick Be target. The 19,20,22C frag-
ments were separated using the BigRIPS [31] with an aluminum 
degrader with a medium thickness of 15 mm placed at the ﬁrst 
dispersive focal plane. The momentum acceptance was set to be 
±3%. The cocktail beam impinged on a carbon target with a thick-
ness of 1.789 g/cm2. The typical 19,20,22C intensities were 6.0, 290, 
and 6.6 Hz, respectively, which corresponded to approximately 
0.36%, 18%, and 0.41% of the total secondary beam intensity. The 
mean energies of the 19,20,22C beams at the target mid-point were 
307, 280, 235 MeV/nucleon, respectively.
The secondary beam particles were monitored event-by-event 
using two multi-wire drift chambers (BDC [32]) placed just up-
stream of the carbon target, in order to ascertain the incident 
angle and position upon the target. The incident particles were 
identiﬁed by measuring the time-of-ﬂight (TOF), magnetic rigidity 
(Bρ), and energy loss (E) with plastic scintillators, a multi-wire 
proportional counter, and an ionization chamber upstream of the 
carbon target. Fig. 1a) shows the atomic number (Z ) and the mass 
to charge ratio (A/Z ) reconstructed from the measured Bρ , TOF 
and E . A small fraction of events were observed that are shifted 
slightly to a smaller A/Z for 20C. These events were found to fol-
low a different trajectory from the main one, and were mostly 
removed. Nevertheless, we still had such unwanted beam parti-
cles of about 0.03% of the respective isotope. Hence, by selecting 
the isotopes as shown in Fig. 1a), such events are not used in 
the analysis. Contamination from Z = 7 particles in the gated re-
gion of 19,20C is found to be less than 6 × 10−6 of the selected 
events, which contributes negligibly (< 1 mb) to the current σI
results. The target was surrounded by the DALI2 array [33] to de-
tect de-excitation γ rays from excited outgoing fragments, which 
were used to estimate σinel as shown later.
The residues from the 19,20,22C + C reactions were characterized 
using detectors located at the entrance and exit of the SAMURAI 
magnet – the detailed detector setup can be found in Ref. [32]. 
The Bρ values of the charged particles were reconstructed using 
the positions and angles at two multi-wire drift chambers FDC1 
and FDC2 [32]. The TOF was derived from the plastic scintillator 
hodoscope HODF located downstream of FDC2 with respect to the 
plastic scintillator (SBT) upstream of the carbon target. The E
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Beam energies (at mid-target) and measured interaction cross sections (σI ) for the 
carbon isotopes studied here. The two errors shown on σI are the statistical (ﬁrst) 
and systematic (second) uncertainties.
A E/A [MeV/nucleon] σI [barn]
19 307 1.125± 0.025± 0.013
20 280 1.111± 0.008± 0.009
22 235 1.280± 0.022± 0.007
measured using FDC1 was also employed for the identiﬁcation. 
Fig. 1b) shows the particle identiﬁcation for the products from the 
22C + C reaction.
The interaction cross sections σI were derived using the con-
ventional transmission method [30], where σI can be written as,
σI = − 1
Nt
log
(

0
)
. (1)
Here, Nt is the number of target nuclei per unit area, while  is 
the ratio of the number of non-interacting outgoing particles to the 
number of incoming particles. 0 corresponds to  for an empty 
target, to take into account reactions in the detectors [34]. The 
value of 0 was determined to be ∼ 0.98, while  was 0.87–0.89. 
The angular acceptance for the ejectiles was ±2.9 degree in the 
vertical direction and ±9.8 degree in the horizontal direction, 
which was suﬃcient to accept the non-reacted beams, given the 
beam spread of 0.5 degrees (FWHM) and the multiple scattering 
of 0.15 degrees (1σ ) in the carbon target. The position on the tar-
get and incident angles of the 19,20,22C beams were used to restrict 
the emittance so as to guarantee the full acceptance of the SAMU-
RAI setup.
In the following discussion σI and σR are compared directly 
and it is assumed that the total inelastic scattering cross section, 
σinel , to the bound excited states in the projectile and target is 
negligible compared to σI . This assumption will be quantiﬁed and 
validated for the 280 MeV/nucleon 20C + C data.
Table 1 presents the measured σI for 19,20,22C with the statis-
tical and systematic uncertainties. The systematic error is mainly 
governed by the variation of the detection eﬃciency of FDC2 be-
tween the C target and the empty target runs, since the hit posi-
tion of the particles on FDC2 was different owing to the different 
Bρ of the particles after the energy loss in the target. As is clear 
from Table 1, the σI value for 22C is signiﬁcantly enhanced relative 
to those of 19,20C, consistent with a two-neutron halo character 
of 22C.
The assumption that σR  σI is examined using the γ rays 
emitted in the 20C + C → 20C + X reaction. The γ -ray en-
ergy spectra, measured by DALI2 in coincidence with outgoing 20C 
ions, are shown in Fig. 2. The upper and lower panels show the 
spectra in the laboratory and projectile frames, respectively. The 
red solid and black dashed curves show ﬁts to the spectra and 
the components of the ﬁt, respectively. In the laboratory frame, 
a peak at 4.4 MeV (with accompanying single- and double-escape 
peaks) is observed from the de-excitation of the 12C(2+1 ) state of 
the target [35]. The peaks are ﬁtted using Gaussian lineshapes 
and an exponential background and the cross section is, subse-
quently, deduced. The full energy peak eﬃciency is estimated using 
a Monte-Carlo simulation based on the GEANT4. The 12C inelastic 
cross section is estimated to be ∼ 4 mb. In the projectile frame, 
Fig. 2b), a peak at 1.6 MeV is clearly seen from the de-excitation 
of the known 20C(2+1 ) state [36,37]. Fitting the peak with a Gaus-
sian lineshape and an exponential background, the 20C inelastic 
cross section is estimated to be ∼ 3 mb. Importantly, the sum of 
the target and projectile inelastic cross sections is smaller than the 
uncertainty on the present 20C interaction cross section. Such a Fig. 2. (Color online.) The γ -ray energy spectrum in: a) the target frame, and b) the 
projectile frame, coincident with incoming 20C and outgoing 20C ions. In the target 
frame, the 4.4 MeV peak originates from the 12C 2+1 state (see text). The projectile 
frame peak at 1.6 MeV originates from the 20C 2+1 state.
small σinel is consistent with those deduced for the neutron-rich 
Mg isotopes at around 250 MeV/nucleon, obtained using a differ-
ent analysis method [38]. The σinel for 19,22C are expected to be 
smaller than for 20C since 19,22C are much more weakly bound. 
Having demonstrated the validity of comparing σR with σI , we 
now turn to the interpretation of the present results.
To describe the reactions of the one- and two-neutron halo nu-
clei 19C and 22C three- and four-body Glauber dynamical models 
[15,16,25] are employed. For the relatively well-bound, non-halo 
projectile and 22C core nucleus 20C, the 19C core nucleus 18C, and 
12C (used as a test) we describe the collisions using the two-body 
optical limit (OL) Glauber model, based on the projectile/core-
target S-matrices. The OL approach takes only the leading term in 
the ion–ion multiple scattering expansion and neglects correlations 
among the nucleons, other than the spatial correlations contained 
in the ground-state densities. Thus, in all of the subsequent reac-
tion calculations, the n- and core-target interactions at the relevant 
beam energy are calculated consistently using the single-folding 
(tNNρt , n-target) and double-folding (tNNρcρt , core-target) mod-
els, using an effective nucleon–nucleon (NN) interaction tNN . The 
core (c) densities are taken from spherical Skyrme (SkX interac-
tion [41]) Hartree–Fock (HF) calculations. The density of the car-
bon target nuclei was assumed to be Gaussian with an rms radius 
of 2.32 fm, consistent with the empirical rms charge radius [14]. 
Regarding the effective NN interaction, tNN was assumed to be 
zero-range. Its (complex) strength, at each beam energy, was de-
termined from: (i) the free NN cross sections, and (ii) the ratio 
of the real-to-imaginary parts of the NN forward scattering ampli-
tude interpolated from the tabulated values of Ray [42]. We note 
that these folded n- and core-target interactions provide an ex-
cellent description of the recent n-removal data from the same 
neutron-rich carbon isotopes at 250 MeV/nucleon [22].
A partial assessment of the quality of this calculational scheme 
can be made using the previously measured energy dependence 
of the reaction cross sections for 12C + 12C [28,39,40]. The cur-
rent OL Glauber calculations (blue curve) are compared with the 
available data in Fig. 3a) and show reasonable agreement above 
200 MeV/nucleon.
The present reaction calculations for 19C and 20C are com-
pared with the current and previous measurements in Figs. 3b)
and c), respectively. The ﬁlled red circles and open diamond sym-
bols show the present (∼300 MeV/nucleon) and the previous 
Y. Togano et al. / Physics Letters B 761 (2016) 412–418 415Fig. 3. (Color online.) Energy dependence of the reaction cross sections for (a) 12C, 
(b) 19C, and (c) 20C on a 12C target. The open diamonds, squares and triangles in (a) 
show the 12C + 12C data from previous studies of Refs. [28,39,40], respectively. The 
ﬁlled red circles show the present results. The errors shown are the quadratic sum 
of the statistical and systematic uncertainties (Table 1). The blue curves in panels (b) 
and (c) are calculated using three-body and two-body Glauber models, respectively. 
Details are given in the text.
(∼900 MeV/nucleon) data [39]. The curve in Fig. 3b) shows the 
calculated energy dependence of σR for the 19C + C system, us-
ing the three-body Glauber model of Refs. [15,16]. The model is 
consistent with the data points. We note that this calculation is 
essentially parameter free. The 19C system is treated as a bound, 
2s1/2, 18C + n halo with the empirical neutron separation energy 
Sn(19C) = 0.58(9) MeV [43]. In constructing the HF density of the 
18C core, the 1d5/2 orbital is constrained to the known Sn(18C) =
4.180 MeV, giving r˜m(18C) = 2.75 fm. So, combining the rms radii 
of the s-wave neutron wave function and the 18C core [44], we ob-
tain r˜m(19C) = 3.10+0.05−0.03 fm, where the uncertainty originates from 
the error on Sn(19C).
For 20C, the present OL calculation results are presented in 
Fig. 3c). Both shell-model calculations of the 〈19C|20C〉 ground-
state to ground-state overlap and the signiﬁcant 19C(1/2+) ground-
state yield measured in the neutron removal reaction from 20C [22]
indicate a signiﬁcant occupancy of the 2s1/2 orbital in the 20C 
ground-state. The calculated neutron 2s1/2 orbital occupancy of 
the 20C ground-state (WBP) shell-model wave function, as used in 
Ref. [22], is 1.18. In computing the 20C density for the OL calcu-
lations we thus constrain the HF calculations assuming a range of 
neutron 2s1/2 orbital occupancies to assess the sensitivity of the 
model to admixtures of this conﬁguration. The 1d5/2 and 2s1/2
orbitals are assumed bound by Sn(20C) = 2.93 MeV [43]. Fig. 3c)
shows results with a 2s1/2 orbital occupancy of 0 (dotted), 1.2 
(dashed) and 1.7 (solid). The results for 2s1/2 orbital occupancies 
between 1.2 and 1.7 are consistent with the present, high pre-
cision data point, whereas the earlier, higher-energy data point 
favours values at the lower end of this range. The r˜m(20C) value 
of the HF density distribution with neutron 2s1/2 orbital occu-
pancy of 1.2, the best ﬁt to the both present and the high-energy 
data, is 2.95 ± 0.02 fm. The best ﬁt to the present data using 
the HF, OL model, the solid curve, is r˜m(20C) = 2.97+0.03 fm, hav-−0.05ing a 2s1/2 orbital occupancy of 1.7
+0.3
−0.8. The associated errors 
for r˜m and the 2s1/2 orbital occupancy arise from the uncer-
tainty in the present reaction cross section and the known Sn(20C)
of 2.93 ± 0.26 MeV. This result, 2.97+0.03−0.05 fm, is adopted as the 
present result of r˜m(20C). The reason why the calculated energy 
dependence of the solid curve, which best reproduces the current 
data point, overestimates the earlier higher energy data point is 
currently unclear. However, we note a similar trend in the 12C+12C 
system and data for the boron isotopes [45] and the source of this 
difference should be investigated further. We also note that the r˜m
value extracted from Ref. [39], within an alternative framework, 
was (2.98 ± 0.05 fm), in excellent agreement with the current re-
sult. This is indicative that the reaction cross section measurement, 
in isolation, has insuﬃcient sensitivity to accurately determine this 
occupancy, however the deduced r˜m value appears to be robustly 
determined.
For the 22C + C system, we use a four-body (three-body projec-
tile plus target) Glauber reaction model analysis [15,16], previously 
applied to 22C. Full details of the physical inputs and the con-
struction of the three-body model 22C ground-state wave functions 
can be found in Ref. [25]. In these calculations [25], the addi-
tional pair of valence neutrons in 22C are found to occupy the 
2s1/2 orbital, with minimal 1d3/2 orbital occupancy. So, unlike the 
discussion above of the 2s1/2 occupancy of the free 20C nucleus, 
in 22C the valence nucleons essentially block access to the 2s1/2
orbital of nucleons from the 20C core; consistent with the core 
having a ﬁlled 1d5/2 sub-shell. With the 1d5/2 orbital bound by 
Sn(20C) = 2.93 MeV the HF 20C core rms radius (in 22C) is then 
2.89 fm. This value is used when computing r˜m(22C).
Solutions of the 22C three-body wave functions use the Gogny, 
Pires and De Tourreil (GPT) nn interaction. The n–20C interactions 
are described by Woods–Saxon potentials with a spin–orbit term. 
The parameters of these potentials in the 2s1/2 and 1d5/2,3/2 or-
bitals can be found in Ref. [25]. To provide a family of 22C three-
body wave functions with different ground-state eigenstates (i.e. 
binding energies E3B (= −S2n)) and hence different sizes (rms 
hyperradii) we use a family of three-body Hamiltonians. These 
Hamiltonians differ in the choice of (i) the (unbound) 2s1/2 state 
potential depth (and their s-wave n–20C scattering length) and 
(ii) the strength V3B of the added attractive central hyperradial 
three-body force, V3B() = −V3B/(1 + [/5]3), where  is the hy-
perradius. Having ﬁxed the Hamiltonian by choosing the above 
interaction strengths, the three-body wave function, its r˜m , and 
S2n(22C) are determined from the lowest eigenstate of the eigen-
value problem. The present results differ from those of Ref. [25]
due to: (a) the incident beam energy, and (b) the use of the 
Sn(20C)-constrained HF core density with r˜m(20C(core)) = 2.89 fm, 
as was discussed above.
Fig. 4 shows, as ﬁlled squares, the dependence of the four-body 
Glauber calculations of σR on the r˜m(22C) of the computed three-
body ground-state wave functions. The points k1–k5 correspond 
to the wave functions of the same name tabulated in Table I of 
Ref. [25]. The remaining symbols extend this wave function set 
for more bound 22C systems, with smaller r˜m(22C), from 3.50 to 
3.34 fm, by use of a more attractive three-body term, with V3B
values of 1.5, 1.8, 2.0, 2.5, 3.0 and 3.5 MeV. The symbols lie ap-
proximately on a straight line, showing that the calculated σR ’s 
are strongly sensitive to r˜m (and/or S2n) but not to the ﬁner details 
of the model interactions. The S2n values of these wave functions 
range from 0.893–0.046 MeV as one moves from left to right in 
Fig. 4. All of the wave functions have dominant (92–94%) [2s1/2]2
and smaller (2–4%) [1d3/2]2 two-neutron conﬁgurations. The solid 
curve through the calculated results is a second order polynomial 
ﬁt while the dashed horizontal line and the shaded region corre-
spond to the measured value and 1σ error on σR from the present 
416 Y. Togano et al. / Physics Letters B 761 (2016) 412–418Fig. 4. Dependence of the calculated σR on the rms matter radius ˜rm(22C) within the 
four-body Glauber model. The ﬁlled squares are calculated results from the family 
of 22C three-body wave functions. The solid curve is a second order polynomial ﬁt 
to the calculations and the dashed line and the shaded region correspond to the 
measured value and 1σ error on σR deduced from the present experiment.
Fig. 5. Mass number dependence of the root-mean-squared radii of carbon isotopes 
obtained in the present study (ﬁlled circles). The dashed line connects the theoret-
ical predictions of Ref. [46].
experiment, respectively. The error shown is the quadratic sum of 
the statistical and systematic uncertainties. From the model cal-
culations of the ﬁgure we can estimate r˜m(22C) and S2n(22C) from 
the present data of 3.44 ±0.08 fm and 0.56+0.27−0.20 MeV, respectively. 
The S2n(22C) value is consistent with the upper limit of 0.32 MeV 
from the direct mass measurement [17].
Consistent with our earlier discussion, this deduced r˜m(22C)
from the present few-body-model analysis is smaller, by about 
2σ , than the previously reported value (5.4 ± 0.9 fm [18]) with 
its large uncertainty. As was noted earlier, the present higher pre-
cision and more absorptive and surface dominated higher beam 
energy measurement on a nuclear (carbon) target, places the un-
derpinning Glauber (eikonal) dynamical model description of the 
reaction used here on a much stronger footing regarding the mag-
nitudes of multiple-scattering and other corrections [28,29].
Fig. 5 shows the A-dependence of r˜m for the neutron-rich car-
bon isotopes from the present study, where the adopted values are 
shown. The one-neutron halo nature of 19C leads to an enhanced 
r˜m value relative to 20C. The r˜m(22C) is about 0.4 fm larger than that for 20C, reﬂecting the two-neutron halo character of 22C. The 
dashed line shows the results of an alternative mean-ﬁeld model 
for 20C and few-body models for 19,22C [46]. Our deduced r˜m(22C)
is also in agreement with values: (i) ranging from 3.6–3.75 fm for 
S2n(22C) values between 400–600 keV, of the three-body model 
calculation of Ref. [24], and (ii) r˜m(22C) = 3.4 and 3.6 fm, with 
S2n(22C) of 400 and 200 keV, of Ref. [26]. These models, like the 
present one, calculate an s-wave conﬁguration of the two valence 
neutrons with probability ≥ 90%, in line with a picture in which 
the N = 16 magicity persists at 22C – as suggested by other more 
fundamental approaches [47,48]. However, as evidenced by our 
analysis for 20C, the reaction cross section alone is somewhat in-
sensitive to details of the microscopic structure and more precise, 
more exclusive reaction experiments and mass measurements are 
required.
In summary, we have measured the interaction cross sections 
of 19,20,22C on a C target at 307, 280 and 235 MeV/nucleon, re-
spectively. Inelastic scattering of 20C to bound excited states of the 
C target were quantiﬁed to verify the assumption that σR  σI . 
The 22C reaction cross section was found to be much larger than 
that of 20C, supporting the two neutron halo nature of 22C. In 
the case of 19C, the present and previously measured σR (at 
around 950 MeV/nucleon) are consistent with the three-body re-
action model calculations, and the rms radius of 19C obtained was 
3.10+0.05−0.03 fm. For 20C, occupancy of the neutron 2s1/2 orbital was 
needed to reproduce the present data, and the rms matter radius 
was estimated to be 2.97+0.03−0.05 fm. The deduced 22C rms matter ra-
dius, 3.44 ± 0.08 fm, from the four-body Glauber reaction model 
analysis, is consistent with other theoretical predictions based on 
22C three-body model wave functions [24,26]. The present rms ra-
dius is smaller and has a much reduced uncertainty than that of 
Ref. [18]. More exclusive measurements, such as Coulomb dissoci-
ation and fast neutron-knockout reactions, will allow for a more 
detailed study of the structure of 22C, including the potential role 
of core excitations on the N = 16 magicity [49,50].
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